The formation of polyhydroxo gallium(III) complexes has been investigated at 30°C and in a 3M (Na)CI0 4 ionic medium by p[H] measurements. The gallium(III) concentration has been varied between 0.0054 and 0.043 M. Slow proton producing side reactions were hypothesized to be responsible for the erratic behaviour of the p[H] of gallium(lll) hydrolyzed solutions and to obscure the experimental measurements to such an extent that the composition of quickly formed hydrolysis products can hardly be determined with certainty.
INTRODUCTION
An impressing number of techniques has been employed 1 '" in the attempt of disclosing the details of the aqueous hydrolysis mechanism of gallium(III), since, in principle, one can reasonably see the possibility for the synthesis of polyhydroxo gallium(III) cations to be employed likewise the aluminum's AI| 3 (OH) 3 2"
polycation (see ref.
3) in many areas of material science.
Thus far, however, the many studies undertaken have failed to indicate, for the prevailing species in hydrolyzed gallium(lll) solutions, a definite and certain composition.
From one side, there is general agreement that acidic Ga J+ solutions readily polymerize upon addition of base. Clear solutions having OH"/Ga up to 2.5 and Ga(III) concentrations even larger than 0.1 Μ can be prepared and maintained indefinitely without precipitation of GaOOH(s) and there may be no doubt that they contain polynuclear hydroxo complexes 1 " 4 . Nevertheless, as pointed out by Baes and Mesmer', it is not possible, from existing data, to solve the dilemma if a single or many highly polymeric species are formed.
A number of investigators have taken the view that a polymerization process occurs which ultimately ends with the formation of a gel of gallium oxyhydroxide, perhaps inspired by the well documented polymerization of silicic acid 5 . The polynuclear hydroxo complexes are regarded as transient species whose size increases endlessly in time and whose composition can hardly be investigated by equilibrium methods.
Owen and Eyring 6 report that as much as two years would be required for true equilibrium to be achieved in aqueous solutions of gallium(III) Perchlorate at 25°C and that during this time an increase in average molecular weight occurs. Gimblett 4 measured the turbidity and p[H] of hydrolyzed gallium solutions at 50°C over extended periods of time and found that both processes where dependent on a wide variety of factors (between other even on the nature of the surface of the vessels in which the solutions were stored ); seemingly equilibrium was attained after several months and the solutions variables were consistent with the solubility equilibrium of GaOOH(s). Haladjian 3 .
In contrast to this, more recently, Bradley et al. 9 " 11 have produced convincing although indirect evidence that Gai 3 (OH)32 7 is the prevailing species in gallium(III) solutions hydrolysed by dropwise addition of 0.2 Μ NaOH and held for 20 minutes at 50°C. Their conclusions are based on the reasonable hypothesis that the peak appearing at 171.6 ppm, with respect to 0 ppm Ga(H 2 0) 6 3+ , in the 7, Ga NMR spectra of solutions having OHVGa ratios ranging from =1.5 to =2.5, can be taken as evidence for tetrahedrally coordinated gallium, in the very same manner as the narrow peak at ca 61.5 ppm (relative to AI(H 2 0) 6 J+ ) in the 27 AI NMR spectra of hydrolyzed aluminum solutions was attributed, by Akitt and Farthing 12 , to the single tetrahedrally coordinated aluminum located at the centre of the bulk structure 1 " of Aln(OH) 32 7+ .
Obviously the presence of tetrahedrally coordinated gallium is not necessarily a proof for Ga,3(OH)3 2 7+ since it may be that other tetrahedral species are formed, although, admittedly, this is very unlikely. In any case , to further support their hypothesis, the above authors also show that the gallium polymeric species formed in their solutions can be intercalated to montmorillonite, analogous to the Al 13 cation, and the increase in spacing of the phyllosilicate sheets is about that expected for a species of the size of Gai 3 (OH) 32 7+ , with the same structure of the AI :3 (OH) 32 7+ . Furthermore from hydrolysed mixed aluminum-gallium solutions, the sulfate and selenate salts of a mixed Al-Ga polycation can be precipitated. X-ray diffraction data, 27 A1-and 71 Ga-MAS NMR and infrared spectra strongly indicate that the mixed GaAl| 2 polycation, isostructural with the Ali3 cation, but with gallium substituted for the central tetrahedral aluminum, is present in the isolated salts". Although it cannot be excluded that other species would be formed in the solutions investigated in ref. 9 and 10, if they were allowed to stand at 50 °C for more than 20 minutes, the findings of Bradley et al. being not strictly necessarily in contrast with previous investigations, it is however of many-sided interest that, at least on short times, aluminum(III) and gallium(III) seem to produce the same polycation. For an overwhelming majority of purposes it is not at all required that the polycation lasts indefinitely but only that its lifetime is comparable to the normally short time scale of the synthetic procedure in which it is used.
From the above account it is not unreasonable to hypothesize that gallium(III) hydrolyses mechanism is made up of a set of fast reactions, which rapidly create a few complexes, followed by a number of slow reactions which change continuously the composition of the previously formed species and the properties of the hydrolyzed solutions. Since it is invariably observed that the p[H] drifts toward more acidic values it can safely be supposed that the secondary slow reactions produce protons as would the slow precipitation of GaOOH(s) from oversaturated solutions. However months or years are required for the GaOOH gel to appear and the observed drift of the p[H] is more likely produced by rearrangements of ol-bridges to more stable oxo-bridges in the previously formed species, since it is well known that olation is always faster than oxolation 14 . If so, the primitive polycation or polycations may still retain the structure of the cluster of gallium atoms even if the p[H] of the solutions endlessly drifts. This fascinating hypothesis elegantly fills the gap between the sharp findings in ref. 9 and 10 and previous investigations. In fact, the NMR and intercalation experiments of Bradley et al. are blind to the rearrangement of ol-to oxo-bridges and only see the structure of the metallic clusters. In addition their results only apply to more or less freshly hydrolysed solutions which were not allowed to stand long enough for very slow reactions, capable of altering the structure of the clusters, to take place.
We conclude that any technique which is capable of discriminating between slow and fast hydrolysis reactions and then of excluding the noise of slow proton producing processes would enable, in principle, to detect the quickly formed cluster of gallium(III) atoms indicated by the results of Bradley et al. 9 "".
p[H] measurements are the most direct and largely employed method for the investigation of hydrolysis reactions and experimental data are interpreted under the assumption that the measured p[H] is related to the concentration of species in solution by the law of mass action. This is ensured by providing evidence that a true equilibrium exists in the investigated solutions. However this condition is unnecessarily restrictive being only necessary to ensure that rapid equilibria are established and slow reactions are so slow that they can be neglected. The key point here is that the number of reactions that can be considered so slow to be neglected depends on the time scale of the experimental measurements. By suitably selecting the time scale it is in principle possible to observe several hydrolysis mechanisms. On short time scales one can envisage that only the fastest reactions will attain equilibrium without appreciable interferences from slower side reactions, which however need to be included in the mechanism as the time scale is lengthened.
In summary, complex hydrolysis mechanism can be simplified by shortening the observation time. In order to be able to do so it is obviously necessary to design experiments with a precisely defined time scale. In this respect, as we have pointed in a previous paper J 
MATERIALS AND METHODS

Method
p[H] measurements and analysis.
The glass electrode employed in the present study was a Metrohm LL 6.0022.100 combined double junction pH glass electrode which proved to have a suitably short response time as well as a surprisingly high stability in time.
The measured cell was: is the liquid junction potential at the interface 3.000 Μ NaCI0 4 /TS and t/ N is the Nernst potential at 30 °C. S, the slope, is a factor which is introduced to take into account small deviations of the potential of the glass electrode from the theoretical nernstian slope. S=1 for a sound electrode and electrodes having slopes substantially different from unity must be discarded.
On account of the slight difference in composition between the two contacting solutions and of the calibration procedure below, E s , has been assumed to be small and negligible.
p The gallium(III) stock solution, SSI, was prepared by dissolving suitable amounts of NaC10 4 *H 2 0 (Fluka ACS) and Ga(C10 4 ) 3 *6H 2 0(s). Ga(C10 4 ) 3 *6H 2 0(s) was synthesized by dissolving GaOOH(s) (Aldrich 99.99%) in concentrated HCI0 4 (Merck p.a.). The reaction mixture was kept gently boiling until the characteristic fumes of constant boiling perchloric acid appeared and then cooled in an ice bath. Ga(CI0 4 ) 3 *6H 2 0(s) precipitated as white bright crystals and was recovered by filtration through a sintered glass funnel. The recovered product was then warmed at 125 °C in a vacuum oven until the remaining perchloric acid was completely removed. To prove that HCI0 4 had been fully volatilised, a small amount of the crystallized product, dissolved in 3.000 Μ NaCI0 4 , was titrated with standard NaOH solution. The ensuing Potentiometrie titration curve has a sharp discontinuity corresponding to the equivalent point of the strong acid; warming was not discontinued until the discontinuity of the acid base titration curve, indicating the presence of excess strong acid, had disappeared.
The dry powder of Ga(CI0 4 )3*6H 2 0 is very hygroscopic and must be handled under a dry atmosphere. By taking care to avoid absorption of moisture, chemical analysis of the solid indicated strictly the composition Ga(CI04)3*6H20. Furthermore the concentration of Gallium in SSI, as determined either by complexometric analysis or by FAAS on diluted samples, was found to be within 0.5% of that expected on the assumption that the weighted dissolved product was Ga(C10 4 )3*6H 2 0(s).
Sodium hydroxide solution, was prepared, analysed and handled by standard methods.
RESULTS AND DISCUSSION
We have first performed a graphical survey of the experimental data in Tab.l to see if they are grossly consistent with the formation of a single species and to check if the integral titration technique employed has fully succeeded in filtering off the noise on the measured p[H] of slow proton producing side reactions. By fully taking advantage of the indications of the graphical survey, the data have then been subjected to numerical evaluation by means of the non linear least square minimization program HYPERQUAD 2000 16 .
Graphical evaluations.
The most general way of writing an hydrolysis reaction and the corresponding formation constant is shown in eq.(l):
in which ρ and q are integers to be evaluated. For simplicity, here and in the following, charges on the complex species are omitted. For reasons that will become apparent in the following, in eq. (2) an alternative and more involved way of writing the general hydrolysis reaction is presented : 0V+l)Ga 3+ + Α^Η,Ο = Ga(Ga(OH),) w + NtH
By defining :
it becomes soon evident that reactions (1) and (2) are equivalent. In the general formula Ga(Ga(OH),)w , Ν t is the total number of H + set free and must obviously be an integer, but there is no loss of generality by stipulating that Ν is an integer and t may assume both integer and non integer values. The problem of establishing the composition of the hydrolysis products is then that of evaluating the values of Ν and t. By defining η , the average number of protons set free per Ga, we have :
Eq. (5) enables η to be evaluated from the experimental data in Tab.l : 
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Eq. (6) shows that a convenient starting point in the interpretation of the data is to plot η as a function of the variable χ :
In fact it can be recognized by examining eq. (6) According to this strategy in Fig.2 are presented the plots η vs. χ for t = 2.5 , 2.666 and 2.75, respectively. Even superficial inspection of Fig.2 shows that there is good indication for a single species or more generally for a "Core + Links" polymerisation. Furthermore in all cases η increases by increasing χ to a single value (w max = 2.53) which is independent on x. This is a convincing evidence that finally a single species Ga^(OH) (/ with q/p ~ 2.53 is formed in the investigated solutions. By simply inspecting the plots in Fig.2 it is however not possible to judge if the limiting species is the only species formed or if other species are present at lower x.
The decision about this very fundamental point depends in an underhand way on the value of the stoichiometric parameter t that is assumed. Obviously one should take for I the value which produces the minimal dispersion of the experimental points around a single curve and there is little doubt that the best value of t is 2.5 (cf. Fig.2c) . It is easy to show that this choice would reproduce the findings of Haladjian and Carpeni 7 . In fact if t = 2.5 is taken, the general composition of the species is Ga(Ga(OH)2.5)w.
As mentioned above the limiting species has q/p ~ 2.53 and then it must be very large because of the relation:
If in eq. (9) we use t = 2.5 and q/p = 2.53 for the limiting species, Ν is evaluated to be =84. For Ν so large we have Ga(Ga(OH)2.5)jv = (Ga(OH) 25 )N = Ga^OH^.s/v , which is the general formula proposed in ref. 7 . By further persisting in this view two unavoidable consequences must be drawn: first this very large species cannot be precisely identified since any value of Ν such that N/(N+\) ~ 1 seems equally acceptable; second a single large species cannot account for the data over the whole range of χ and other species must be postulated . This very decisive point is stressed in Fig.3a where the experimental η vs. χ plot (for clarity only points at Β = 0.021 Μ, 48 experimental points, are reported) is compared with theoretical normalized curves' 7 18 19 calculated for N= 39 (which is the average value proposed in ref. 7) and ΛΜ00 for comparison.
It is seen that the theoretical curves for Ν = 39 and Ν = 100 are hardly distinguishable from each other, and this implies that we will not be able to distinguish between Ga 4 |(OH)ioo and Gai 0 |(OH) 2 5o; this is rather depressing. However we only deduce from Fig.3a that a single species with t = 2.5 cannot account for the present experimental data; in addition if a "Core + Links" mechanism is assumed a very large species must be postulated whose composition will remain indefinite. It is puzzling that the profile of the first part of the n(x) curve in Fig. 3a is reproduced by assuming Gai 3 (OH) 30 = Ga(Ga(OH) 25 ) 12 · Because of this and of the fact that t = 2.5 is chemically inconclusive we shall take an alternative approach to the interpretation of our data. Fig. 2b corresponds to the value of t selected by Gamsjager and Schindler 8 who suggest the general formula Ga(Ga(OH) 8 /3)/v. According to our data this value of t produces a somewhat larger distribution of the experimental points around the single curve foreseen for a single complex or a "Core + Links" model (cf. Fig. 2b ) and this choice alternative to t =2.5 is at first sight questionable. Nevertheless choosing t = 2.666 is chemically more satisfying and allows the size of the limiting species which need to be postulated to account for the data to be reduced; by applying eq. (9) with /=8/3 we find Ν ~ 20 for the limiting species . As in the previous case a single large species with f=2.666 will leave unaccounted the data at the lowest p[H] while the lower part of the /?(.v) curve can be reproduced over a rather broad range of λ· assuming Gan(OH).i2 = Ga(Ga(OH)2 666)|i . Qualitatively the model proposed by Gamsjager and Schindler 8 appears to have some chemical merits compared to the previous one.
By persisting in the above argument and by letting the stoichiometric parameter t increase to 2.75 the n(x) plot of Fig. 2c is generated which shows a comparatively large dispersion of the data around the
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Perchlorate Media hypothetical single curve which would be obtained for a single species. The dispersion appears to be systematic with points at the larger Β lying at lower χ respect to data referring to more diluted solutions. However if we ignore this aspect and take into consideration the data at each Β level separately we find that the shape of the n(x) curves can straightforwardly be reproduced by assuming the species Gai3(OH) 33 = Ga(Ga(OH) 2 .75)i2 · This is shown suggestively in Fig. 3c where as above only the integral titration at Β = 0.021 Μ is considered. However if it is maintained that a single species with t = 2.75 is formed the dispersion of the points in the corresponding n(x) plot must be explained.
This aspect requires a more quantitative scrutiny of the data, which is the subject of the next section. 
Numerical evaluations.
Numerical evaluations have been performed by means of HYPERQUAD 2000 16 . This software finds the best equilibrium constants, β ριι , for an assumed model, consisting of a number of (p,q) species, by minimizing, cr, the weighted and scaled differences of measured and calculated p[H] : Alog /?i3.33 = 48 \D{B\)~ D{Bj)\ (14) in which D(B\) is the value of the Debye term in TS at Β = Βi. Eq. (14) foresees an increase in log ^,3,33 as Β (and consequently / and D) increases. However, despite of the factor 48, the increase in D in passing from ßi = 0.0054 to 0.043 Μ is only about 0.002 which only accounts for an increase of about 0.1 units in log/?i 3 , 3 3. This is much smaller than the observed variation of more than one order of magnitude in /3 13 , 3 3 for changes in the composition of the investigated solutions to be accepted as a plausible explanation.
On the other hand, for the aluminum polycation 3 , under similar conditions, no such large change of the formation constant of the Al|3(OH) 32 cation with aluminum concentration was observed.
We then attempted to explain deviations by allowing for an error in the analytical variable B. By putting Β to refine during the HYPERQUAD run cr was reduced to 1.49 and χ 2 to 6.8 . The refined Β values deviate from the analytical ones by ca. 4% and this figure increases to more than 8% for Β = 0.043 Μ. This is much beyond the known accuracy of the analytical variables to be plausible. Consistently we found that σ 2 decreased to 1.68 by excluding the data at Β = 0.043 Μ .
Ultimately the observed change in log /313.33 cannot be explained on thermodynamic grounds. From Tab. 1 it is seen that, in alternative to Gai 3 (OH)33, one can explain the data by assuming the two species Gai 3 (OH) 3 2, Ga 2 2(OH) 56 , which are described by the general composition Ga(Ga(OH) 2 6 6)w· (<r=1.57).
Discussion
If Gai3(OH) 3 3 6+ is the only species formed in appreciable concentrations in the investigated solutions, it must be admitted that the observed change in ß\m with Β results from unfiltered noise on the measured p[H] due to proton producing side reactions. The thermodynamically unaccountable and not fully negligible excess of H + which appears in the solutions at the highest gallium (III) concentrations investigated is likely the manifestation of a side reaction which becomes more and more marked by increasing Β ; local precipitation of undetectable amounts of gallium oxyhydroxide upon mixing which are not redissolved over the time of the measurements can produce such an outcome. An analogous effect was noticed for the integral titration of the aluminum polycation 3 at 0.04 Μ Al(UI) which data were excluded from calculations for a similar reason. According to us this is a convincing explanation for the spread of the data in Fig.la and everyone who has seen the erratic behaviour of the p[H] of gallium (III) solutions will find it reasonable.
In Fig. 4 are displayed distribution diagrams for a 0.02 Μ Ga(IlI) solution based on the two alternative models presented in the previous section. A very significant difference between the two models is that in Fig. 4b we see the concentration of the Ga^ cation monotonically increasing with p[H], while in Fig. 4a its concentration increases to a maximum and then decreases. In the 7l Ga-NMR spectra of gallium(III) hydrolysed solutions reported by Bradley et al. 9 ' 10 the peak at 172 p.p.m. attributed to the Ga^ cation increases in intensity up to OH'/Ga ratios of 2.45 and no decrease in intensity is observed . This is consistent with Fig.4b .
On these bases we finally choose to interpret our data by assuming the composition Gan(OH)33 6+ for the Ga !3 cation and the formation constant logßn^ = -65.38 ± 0.1 evaluated from the integral titration at Β = 0.053 Μ which we believe to be the most accurate.
A striking difference exists between the hydrolysis mechanism of aluminum(III) J and the very simple mechanism reported here for gallium(III). The formation of the Al ]3 cation is preceded by a plethora of small polynuclear species which apparently are the building blocks of the bulky aluminum tridecamer. Gai3(OH) 3 3 6+ on the contrary is created abruptly, and mononuclear and small polynuclear species never reach detectable concentrations. This is because the Gan cluster is enormously more stable than Al 13 as is seen from the respective formation constants : log β (Α1 π (ΟΗ) 3 2 ; 3 Μ NaCI) = -104.5 log β (Ga 13 (OH)33; 3 Μ NaC10 4 ) = -65.38
This is not what is seen by comparing the NMR spectra of aluminum and gallium solutions with the same hydrolysis ratio. The ratio of the integrated tetrahedral peak area to the area of the free metal peak is much larger for aluminum than for gallium seemingly indicating that much more Al 13 than Gan is present.
